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We show theoretically that ultracold hydrogen atoms have very favorable properties for sympathetic
cooling of molecules to microkelvin temperatures. We calculate the potential energy surfaces for
spin-polarized interactions of H atoms with the prototype molecules NHð3Þ and OHð2Þ and show
that they are shallow (50 to 80 cm1) and only weakly anisotropic. We carry out quantum collision
calculations on Hþ NH and Hþ OH and show that the ratio of elastic to inelastic cross sections is high
enough to allow sympathetic cooling from temperatures well over 1 K for NH and around 250 mK for OH.
DOI: 10.1103/PhysRevLett.111.203004 PACS numbers: 37.10.Mn, 34.50.Cx, 37.10.Pq
Samples of ultracold molecules, at temperatures below
1 mK, have potential applications in fields ranging from
high-precision measurement to quantum simulation [1].
Ultracold polar molecules are particularly interesting
because they have long-range anisotropic interactions
whose strength can be tuned with applied electric field,
which are important in understanding the properties of
dipolar quantum gases.
There have been great advances in producing ultracold
molecules in the last few years. Many groups have suc-
ceeded in producing alkali-metal dimers in high-lying
vibrational states by either magnetoassociation or photo-
association [2–4], and a small number of such species
have been transferred to their absolute ground states, either
incoherently by absorbtion followed by spontaneous emis-
sion [5,6] or coherently by stimulated Raman adiabatic
passage (STIRAP) [7–10]. KRb molecules produced by
STIRAP [8] have been used to investigate ultracold chemi-
cal reactions [11,12] and the properties of dipolar quantum
gases [12].
The indirect methods that produce ultracold molecules
via ultracold atoms are inherently limited to molecules
formed from atoms that can themselves be cooled. So far
this has restricted molecule formation experiments to the
alkali-metal dimers, although there are prospects for
extending the approach to a wider range of species, such
as 2 molecules formed from an alkali-metal atom and an
alkaline-earth [13] or Yb [14,15] atom. However, there is
also great interest in producing ultracold samples of a
wider range of species, including polyatomic molecules
such as ND3 [16] and CH3F [17] and reactive species such
as NH [18–22] and OH [23–29]. Methods such as buffer-
gas cooling [30], molecular beam deceleration [16], and
velocity filtering [31] have been developed, which are
capable of producing trapped samples at temperatures
between 10 and 500 mK, but the ultracold regime (below
1 mK) has not yet been reached.
There is thus a great need for a second-stage cooling
method that can cool molecules from tens or hundreds of
millikelvin to the ultracold regime. The principal candidates
are laser cooling, evaporative cooling, and sympathetic
cooling. Laser cooling was for a long time dismissed as a
method of cooling molecules, because electronically excited
molecules can in principle reradiate to many different vibra-
tional levels of the electronic ground state. However, in the
last few years considerable progress towards laser cooling
has been made for molecules with unusually good overlap
between the ground and excited vibronic states [32,33],
and Hummon et al. [34] have succeeded in producing a
magneto-optical trap for YO molecules. Nevertheless, laser
cooling is likely to remain applicable to only a very rest-
ricted set of molecules.
Sympathetic cooling relies on the thermalization of the
‘‘warm’’ species of interest by collisions with ultracold
atoms. It has been widely used to cool molecular ions
(for a recent compilation, see Ref. [35]) and neutral atoms
[36,37]. Its use for neutral molecules was proposed by
Solda´n and Hutson [38] in 2004, but it has not yet been
experimentally demonstrated. The difficulty is that static
electric and magnetic traps can confine molecules only
when they are in low-field-seeking states, and these states
are never the lowest state in the applied field [39].
Collisions that transfer molecules to the lower states
release kinetic energy and eject both the atoms and the
molecules from the trap. The key quantity that determines
the feasibility of sympathetic cooling is the ratio  between
the cross section for elastic collisions (which produce
thermalization) and that for inelastic collisions (which
cause trap loss). A common rule of thumb is that, for
cooling to be successful, this ratio needs to be at least
100 [41].
There has been a long search for atom-molecule pairs
that would be good for sympathetic cooling. However,
extensive theoretical work [42–46] and some experimental
work [46] has shown that, for most experimentally acces-
sible combinations of atoms and molecules, inelastic col-
lisions will lead to unworkable trap losses. Inelastic cross
sections can be suppressed at low collision energies by
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centrifugal barriers that exist for the collision products
[42–44,47,48], but even for light atoms such as lithium
the barriers are only around 3 to 12 mK high [44], and
strong inelasticity sets in for collisions above this energy.
The best system proposed so far is Mgþ NH [42,43],
where sympathetic cooling is predicted to succeed if the
molecules can be precooled to 10–20 mK. Unfortunately,
such temperatures can so far be achieved only for very
small numbers of molecules.
The purpose of the present Letter is to propose ultracold
atomic hydrogen as a versatile sympathetic coolant for
molecules. Magnetically trapped hydrogen atoms have
been produced at temperatures of 40 to 100 mK and
densities up to 3 1014 cm3 by purely cryogenic meth-
ods [49,50], and then evaporatively cooled to produce a
Bose-Einstein condensate (BEC) of 109 atoms at a tem-
perature around 50 K and densities between 1014 and
5 1015 cm3 [51]. For sympathetic cooling purposes
BEC is unnecessary, but the large densities and cloud sizes
achievable are very valuable. Furthermore, because of the
low mass and small polarizability of atomic hydrogen, the
centrifugal barriers for collisions with molecules such as
NH and OH are around 400 mK high. As will be seen
below, this produces very favorable conditions for sympa-
thetic cooling, starting from temperatures of 250 mK for
OH and over 1 K for NH. This is a crucial improvement
over earlier proposals, because very large numbers of cold
molecules can be produced at these higher temperatures.
We consider NHð3Þ and OHð2Þ as prototype mole-
cules. NHmolecules have been cooled by buffer-gas cooling
[19] and trapped at a peak density of 108 cm3 and a
temperature of a few hundred millikelvin [20]. NH has
also been decelerated [52] and trapped electrostatically
[21] in its a1 state and subsequently pumped into the
3 state [22], allowing accumulation in a magnetic trap.
OHð2Þ has also been decelerated electrostatically
[23–25,53] and trapped both electrostatically [23] and mag-
netically [26,54], and Stuhl et al. [29] have very recently
achieved evaporative cooling to a temperature around 5 mK.
We have calculated the potential energy surfaces for
interaction of ground-state NHð3Þ and OHð2Þ mole-
cules with H atoms. For NH there are two surfaces, of 2A00
and 4A00 symmetry, whereas for OH the H atom splits the
degeneracy of the state to produce four surfaces, of 1A0,
1A00, 3A0, and 3A00 symmetry. Our primary interest is in
collisions of atoms and molecules in spin-stretched states,
in which all the quantum numbers for the projections of
angular momenta onto the magnetic field direction have
their maximum values. Such collisions occur principally
on the high-spin potential surfaces. By contrast with sys-
tems like NHþ NH [55], there are no exothermic reaction
channels on the low-spin surfaces. We have calculated the
high-spin surfaces using an open-shell restricted version of
the coupled-cluster method with single, double, and non-
iterative triple excitations, RCCSD(T), as implemented in
MOLPRO [56]. Correlation-consistent aug-cc-pVQZ basis
sets [57] were used, with spdf functions for H and spdfg
functions for N and O. The basis sets also included spdf
bond functions halfway between the molecule and the H
atom, as in Ref. [58]. All interaction energies were cor-
rected for basis-set superposition error using the counter-
poise correction [59]. The resulting surfaces are shown in
Fig. 1, and it may be seen that they are fairly weakly
anisotropic, with well depths between 60 and 80 cm1
and anisotropies of tens of cm1. This may be contrasted
with the interaction potentials with alkali-metal atoms,
which for NH have anisotropies ranging from 500 to
1700 cm1 [58]. The NH and OH bond lengths were fixed
at the equilibrium for the free molecules, 1:957 70a0 and
1:834 17a0. This prevents exothermic reactions to form
Nð4SÞ þ H2 or Oð3PÞ þ H2, but in each case there is a
substantial barrier to reaction (1000 K for NH [60] and
5200 K for OH [61]) that is likely to suppress reactive
processes in the ultracold regime.
To evaluate the feasibility of sympathetic cooling, we need
to calculate the ratio  of elastic to inelastic cross sections
as a function of collision energy E and magnetic field B.
As a first step, we carried out coupled-channel calculations
FIG. 1 (color online). Ab initio interaction potentials for (a) the 4A00 high-spin state of Hþ NH, (b) and (c) the 3A0 and 3A00 high-spin
states of Hþ OH, respectively. Contours are labeled in units of cm1, with 180 corresponding to the H atom approaching the
molecule from the hydrogen side.




ofHþ NHð3Þ andHþ OHð23=2Þ collisions, neglecting
hyperfine interactions, using theMOLSCAT program [62] with
computational methods identical to those in previous work
on Nþ NH [63] and Nþ OH [64] collisions. The methods
used are described briefly in the Supplemental Material [65].
The energy levels of H, NH, and OH are shown as a
function of magnetic field B in Fig. 2. We have calculated
elastic and total inelastic cross sections for atoms and
molecules initially in the magnetically trappable states
shown as dashed blue lines. Inelastic collisions that change
the state of either the atom or the molecule are fully
included, but those that change the molecular state domi-
nate. Incoming partial waves up to L ¼ 2 are included to
give convergence of cross sections up to collision energies
of about 4 K; the L ¼ 3 centrifugal barriers are about 6 K
high. These calculations set the low-spin (singlet or doublet)
surfaces to be the same as the corresponding high-spin
(triplet or quartet) ones. This latter approximation is rea-
sonable because states with different total spin S are coupled
only by weak monomer fine-structure and hyperfine terms.
The ratio  is shown as a contour plot in Fig. 3(a), for
Hþ NHð3Þ. The solid black line shows the maximum
magnetic field sampled in a quadrupole trap with an energy
of 6kBT, chosen so that 99.9% of molecules sample fields
below the line. It may be seen that  remains above 104 for
almost all energies and fields below the line at tempera-
tures up to well above 1 K, except for a fairly narrow band
around 1 K where  decreases to about 100; this is due to a
d-wave resonance in the incoming channel. The results in
Fig. 3(a) suggest that sympathetic cooling can succeed for
NH molecules starting from remarkably high initial tem-
peratures: even the resonance near 1 K can probably be
crossed in a few collisions with relatively little loss of
molecules from the trap.
We have investigated the robustness of this result to the
approximations made in Fig. 3(a). First, we have inves-
tigated the effect of scaling the potential energy surface by
5% from the one shown in Fig. 1(a). The resonance
around 1 K shifts by about 0:2 K over this range but
the value of  close to the resonance does not change
significantly. The dependence on the potential is far weaker
for collisions with H atoms than for collisions with heavier
atoms and deeper interaction potentials [42,44,66].
Secondly, we have investigated the effect of introducing
a deeper well for the 2A00 state. The true doublet surface is
around 35;000 cm1 deep, and we cannot converge our
calculations with such a deep well, but we have explored
the effects of introducing an approximate 2A00 surface given
by V2A00 ¼ 2V4A00 (1< 2  1:25). Additional resonances
occur for some values of 2, but we did not observe the
ratio  dropping below 200 in any of the cases we inves-
tigated. Finally, we have investigated the effect of includ-
ing the hyperfine interactions for both 1H and 14NH, using
a generalization of the methods developed in Ref. [43]
to include the atomic hyperfine term. These calculations
are too expensive to produce a full contour plot, but we
find that the main effects are the same as observed for
Mgþ NH [43]: the existence of energy splittings that
persist at zero field [see solid lines in Fig. 2(a) and inset
of Fig. 2(b)] makes the kinetic energy release almost inde-
pendent of field below about 100G for collisions that change
the atomic hyperfine state. The total inelastic cross sections
are almost independent of field and proportional to E1=2 in
this region, while the elastic cross sections are essentially
constant. The ratio  is thus proportional to E1=2. For NH
initially in its spin-stretched state with total spin projection
mf ¼ þ5=2,  remains above 2300 at collision energies
above 50 K. Our overall conclusion from all these tests is
that none of the approximations made in Fig. 3(a) will
qualitatively affect the success of sympathetic cooling.
For Hþ OH the situation is a little more complex.
OHð2Þ exhibits -doubling, which splits its lowest rota-
tional state j ¼ 3=2, ! ¼ 3=2 into e and f components,
with the f state lying about 0:056 cm1 above the e state at
zero electric field, as shown in Fig. 2(c). The state that can
be decelerated and trapped electrostatically correlates with
the f component, but molecules in either the e or the f state
may be trapped magnetically in themj ¼ þ3=2 sublevel. H
atoms must be trapped magnetically, so we have carried out
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FIG. 2 (color online). Magnetic-field dependence of the energy levels for (a) Hð2SÞ, (b) 14NHð3Þ, and (c) OHð23=2Þ. Solid
(dashed) lines correspond to the inclusion (exclusion) of hyperfine terms. The magnetically trappable states for which scattering
calculations were carried out are shown in blue (dark gray).




with OH in the mj ¼ þ3=2 sublevel of both the e and f
states. The resulting contour plots of the ratio  are shown in
Figs. 3(b) and 3(c). It may be seen that the results for the
e state are again very suitable for sympathetic cooling, with
 > 104 for energetically accessible fields at temperatures
up to around 100 mK. remains above 100 for temperatures
up to about 500 mK. The larger inelastic cross sections
compared to Hþ NH reflect the fact that, for j ¼ 3=2, the
interaction potential can drive spin-changing collisions
directly, while for NH(3, n ¼ 0) a higher-order mecha-
nism is involved [67]. For Hþ OHðfÞ,  does not become
as large at low fields, because of the possibility of relaxation
to produce OHðeÞ with a kinetic energy release around
80 mK kB, but nevertheless remains above 100 for all
accessible fields at temperatures up to about 250 mK. This
contrasts with the situation for collisions of magnetically
trapped OHðfÞ with other atoms [64,68], even He [69],
where the kinetic energy release overcomes the centrifugal
barrier and inelastic collisions are too fast for cooling.
Ultracold H atoms have in the past been produced inside
a cryogenic environment. It is likely to be quite difficult to
introduce a molecular sample into such an environment. An
alternative that appears preferable is to extract the hydrogen
cloud from the cryogenic environment before evaporative
cooling. Alternatively, developments in laser technology
may in the future allow Doppler cooling of H atoms. In
either case, the most obvious experiments are either to
make a separate molecular cloud and bring it into coinci-
dence with the atomic cloud, as has been done for Rbþ
ND3 [46], or to decelerate molecules almost to rest at the
location of the atomic cloud. Our calculations give elastic
cross sectionsel for NH and OH colliding with H atoms in
the range 200 to 400 A2; the Hþ NH s-wave cross section
varies by only 10% when the interaction potential is
scaled by 5%. For el ¼ 400 A2 and an H-atom sample
initially at T ¼ 50 K and density nH ¼ 3 1014 cm3,
we estimate that cooling from 1K to 100 Kwill take 80 to
90 collisions and be achieved in about 5 s, which is within
the lifetime of the atomic cloud.
The very large densities and cloud sizes available for H
atoms offer another intriguing possibility. For the densities
and cross sections above, the mean free path ðnHelÞ1 for
atom-molecule collisions is around 1 mm. Higher H atom
densities may be achievable, and other molecules may well
have larger cross sections. It may therefore be possible to
direct a low-energy beam directly onto an atomic cloud,
without a final deceleration stage to bring it to rest, and to
rely on collisions with H atoms to remove enough kinetic
energy for the molecules to be trapped.
In conclusion, we propose that ultracold hydrogen atoms
are an extremely promising medium to achieve sympa-
thetic cooling of a wide range of molecules. Because of
the large centrifugal barriers in collisions with H atoms,
inelastic collisions are substantially suppressed at collision
energies below 200 mK, or in some cases much higher.
The authors are grateful to EPSRC for funding and to
Tim Softley and Jook Walraven for valuable discussions
about the experimental possibilities.
*Present address: Laboratoire Aime´ Cotton, CNRS,
Universite´ Paris-Sud XI, ENS Cachan, Baˆt. 505,
Campus d’Orsay, 91405 Orsay, France.
maykel.gonzalez-martinez@u-psud.fr
†J.M.Hutson@durham.ac.uk
[1] L. D. Carr, D. DeMille, R.V. Krems, and J. Ye, New J.
Phys. 11, 055049 (2009).
[2] J.M. Hutson and P. Solda´n, Int. Rev. Phys. Chem. 25, 497
(2006).
[3] T. Ko¨hler, K. Go´ral, and P. S. Julienne, Rev. Mod. Phys.
78, 1311 (2006).
[4] K.M. Jones, E. Tiesinga, P. D. Lett, and P. S. Julienne,
Rev. Mod. Phys. 78, 483 (2006).
[5] J.M. Sage, S. Sainis, T. Bergeman, and D. DeMille, Phys.
Rev. Lett. 94, 203001 (2005).
[6] J. Deiglmayr, A. Grochola, M. Repp, K. Mo¨rtlbauer,
C. Glu¨ck, J. Lange, O. Dulieu, R. Wester, and M.
Weidemu¨ller, Phys. Rev. Lett. 101, 133004 (2008).
FIG. 3 (color online). Contour plots of the ratio  of elastic to inelastic cross sections as a function of collision energy and magnetic
field. The panels correspond to collisions of spin-polarized hydrogen with (a) NH, (b) OHðeÞ, and (c) OHðfÞ. The initial states are
shown as dashed blue (dark gray) lines in Fig. 2.




[7] F. Lang, K. Winkler, C. Strauss, R. Grimm, and J. Hecker
Denschlag, Phys. Rev. Lett. 101, 133005 (2008).
[8] K.-K. Ni, S. Ospelkaus, M.H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne,
D. S. Jin, and J. Ye, Science 322, 231 (2008).
[9] J. G. Danzl, M. J. Mark, E. Haller, M. Gustavsson, R. Hart,
J. Aldegunde, J.M. Hutson, and H.-C. Na¨gerl, Nat. Phys.
6, 265 (2010).
[10] K. Aikawa, D. Akamatsu, M. Hayashi, K. Oasa, J.
Kobayashi, P. Naidon, T. Kishimoto, M. Ueda, and S.
Inouye, Phys. Rev. Lett. 105, 203001 (2010).
[11] S. Ospelkaus, K.-K. Ni, D. Wang, M.H. G. de Miranda,
B. Neyenhuis, G. Que´me´ner, P. S. Julienne, J. L. Bohn,
D. S. Jin, and J. Ye, Science 327, 853 (2010).
[12] K.-K. Ni, S. Ospelkaus, D. Wang, G. Que´me´ner, B.
Neyenhuis, M.H. G. de Miranda, J. L. Bohn, J. Ye, and
D. S. Jin, Nature (London) 464, 1324 (2010).
[13] P. S. Z˙uchowski, J. Aldegunde, and J.M. Hutson, Phys.
Rev. Lett. 105, 153201 (2010).
[14] D. A. Brue and J.M. Hutson, Phys. Rev. Lett. 108, 043201
(2012).
[15] D. A. Brue and J.M. Hutson, Phys. Rev. A 87, 052709
(2013).
[16] H. L. Bethlem, G. Berden, F.M.H. Crompvoets, R. T.
Jongma, A. J. A. van Roij, and G. Meijer, Nature
(London) 406, 491 (2000).
[17] M. Zeppenfeld, B. G.U. Englert, R. Glo¨ckner, A. Prehn,
M. Mielenz, C. Sommer, L. D. van Buuren, M. Motsch,
and G. Rempe, Nature (London) 491, 570 (2012).
[18] S. Y. T. van de Meerakker, R. T. Jongma, H. L. Bethlem,
and G. Meijer, Phys. Rev. A 64, 041401(R) (2001).
[19] D. Egorov, W.C. Campbell, B. Friedrich, S. E. Maxwell,
E. Tsikata, L. D. van Buuren, and J.M. Doyle, Eur. Phys.
J. D 31, 307 (2004).
[20] W. C. Campbell, E. Tsikata, H.-I. Lu, L. D. van Buuren,
and J.M. Doyle, Phys. Rev. Lett. 98, 213001 (2007).
[21] S. Hoekstra, M. Metsa¨la¨, P. C. Zieger, L. Scharfenberg,
J. J. Gilijamse, G. Meijer, and S. Y. T. van de Meerakker,
Phys. Rev. A 76, 063408 (2007).
[22] J. Riedel, S. Hoekstra, W. Ja¨ger, J. J. Gilijamse, S. Y. T.
van de Meerakker, and G. Meijer, Eur. Phys. J. D 65, 161
(2011).
[23] S. Y. T. van de Meerakker, P. H.M. Smeets, N. Vanhaecke,
R. T. Jongma, and G. Meijer, Phys. Rev. Lett. 94, 023004
(2005).
[24] K. Wohlfart, F. Filsinger, F. Gra¨tz, J. Ku¨pper, and G.
Meijer, Phys. Rev. A 78, 033421 (2008).
[25] E. R. Hudson, J. R. Bochinski, H. J. Lewandowski, B. C.
Sawyer, and J. Ye, Eur. Phys. J. D 31, 351 (2004).
[26] B. C. Sawyer, B. L. Lev, E. R. Hudson, B. K. Stuhl, M.
Lara, J. L. Bohn, and J. Ye, Phys. Rev. Lett. 98, 253002
(2007).
[27] B. C. Sawyer, B.K. Stuhl, D. Wang, M. Yeo, and J. Ye,
Phys. Rev. Lett. 101, 203203 (2008).
[28] B. C. Sawyer, B. K. Stuhl, M. Yeo, T.V. Tscherbul, M. T.
Hummon, Y. Xia, J. Kłos, D. Patterson, J.M. Doyle, and
J. Ye, Phys. Chem. Chem. Phys. 13, 19059 (2011).
[29] B. K. Stuhl, M. T. Hummon, M. Yeo, G. Que´me´ner,
J. L. Bohn, and J. Ye, Nature (London) 492, 396 (2012).
[30] J. D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich,
and J.M. Doyle, Nature (London) 395, 148 (1998).
[31] T. Rieger, T. Junglen, S. A. Rangwala, P.W.H. Pinkse, and
G. Rempe, Phys. Rev. Lett. 95, 173002 (2005).
[32] E. S. Shuman, J. F. Barry, and D. DeMille, Nature
(London) 467, 820 (2010).
[33] J. F. Barry, E. S. Shuman, E. B. Norrgard, and D. DeMille,
Phys. Rev. Lett. 108, 103002 (2012).
[34] M. T. Hummon, M. Yeo, B. K. Stuhl, A. L. Collopy, Y.
Xia, and J. Ye, Phys. Rev. Lett. 110, 143001 (2013).
[35] B. Roth and S. Schiller, in Cold Molecules: Theory,
Experiment, Applications, edited by R. Krems et al.
(Taylor & Francis, London, 2009), p. 651.
[36] C. J. Myatt, E. A. Burt, R.W. Ghrist, E. A. Cornell, and
C. E. Wieman, Phys. Rev. Lett. 78, 586 (1997).
[37] G. Modugno, G. Ferrari, G. Roati, R. J. Brecha, A. Simoni,
and M. Inguscio, Science 294, 1320 (2001).
[38] P. Solda´n and J.M. Hutson, Phys. Rev. Lett. 92, 163202
(2004).
[39] An alternative proposal for sympathetic cooling has been
made by Barletta et al. [40], who propose cooling of
molecules such as H2 and C6H6 with ground-state rare-
gas atoms held in an optical trap. However, even the
extremely high (intracavity) laser intensities proposed in
Ref. [40] produce a trap depth of only 25 mK for Ar and
150 mK for C6H6. Loading of either ground-state atoms or
molecules into such traps has not yet been achieved.
[40] P. Barletta, J. Tennyson, and P. F. Barker, New J. Phys. 12,
113002 (2010).
[41] R. deCarvalho, J.M. Doyle, B. Friedrich, T. Guillet, J.
Kim, D. Patterson, and J. D. Weinstein, Eur. Phys. J. D 7,
289 (1999).
[42] A. O.G. Wallis and J.M. Hutson, Phys. Rev. Lett. 103,
183201 (2009).
[43] M. L. Gonza´lez-Martı´nez and J.M. Hutson, Phys. Rev. A
84, 052706 (2011).
[44] A. O.G. Wallis, E. J. J. Longdon, P. S. Z˙uchowski, and
J.M. Hutson, Eur. Phys. J. D 65, 151 (2011).
[45] T.V. Tscherbul, H.-G. Yu, and A. Dalgarno, Phys. Rev.
Lett. 106, 073201 (2011).
[46] L. P. Parazzoli, N. J. Fitch, P. S. Z˙uchowski, J.M. Hutson,
and H. J. Lewandowski, Phys. Rev. Lett. 106, 193201
(2011).
[47] A. V. Avdeenkov and J. L. Bohn, Phys. Rev. A 64, 052703
(2001).
[48] A. Volpi and J. L. Bohn, Phys. Rev. A 65, 052712
(2002).
[49] H. F. Hess, G. P. Kochanski, J.M. Doyle, N. Masuhara,
D. Kleppner, and T. J. Greytak, Phys. Rev. Lett. 59, 672
(1987).
[50] R. van Roijen, J. J. Berkhout, S. Jaakkola, and J. T.M.
Walraven, Phys. Rev. Lett. 61, 931 (1988).
[51] D. G. Fried, T. C. Killian, L. Willmann, D. Landhuis, S. C.
Moss, D. Kleppner, and T. J. Greytak, Phys. Rev. Lett. 81,
3811 (1998).
[52] S. Y. T. van de Meerakker, I. Labazan, S. Hoekstra, J.
Ku¨pper, and G. Meijer, J. Phys. B 39, S1077 (2006).
[53] E. R. Hudson, H. J. Lewandowski, B. C. Sawyer, and
J. Ye, Phys. Rev. Lett. 96, 143004 (2006).
[54] B. K. Stuhl, M. Yeo, B. C. Sawyer, M. T. Hummon, and
J. Ye, Phys. Rev. A 85, 033427 (2012).
[55] L.M. C. Janssen, A. van der Avoird, and G. C.
Groenenboom, Phys. Rev. Lett. 110, 063201 (2013).




[56] H.-J. Werner, P. J. Knowles, R. Lindh, F. R. Manby, M.
Schu¨tz et al., computer code MOLPRO, version 2006.1, A
Package of Ab Initio Programs, http://www.molpro.net
[57] T.H. Dunning, Jr., J. Chem. Phys. 90, 1007 (1989).
[58] P. Solda´n, P. S. Z˙uchowski, and J.M. Hutson, Faraday
Discuss. Chem. Soc. 142, 191 (2009).
[59] S. F. Boys and F. Bernardi, Mol. Phys. 19, 553 (1970).
[60] H.-S. Zhai and K.-L. Han, J. Chem. Phys. 135, 104314
(2011).
[61] S. Rogers, D. Wang, A. Kuppermann, and S. Walch,
J. Phys. Chem. A 104, 2308 (2000).
[62] J.M. Hutson and S. Green, computer code MOLSCAT,
version 14, CCP6, 1994.
[63] P. S. Z˙uchowski and J.M. Hutson, Phys. Chem. Chem.
Phys. 13, 3669 (2011).
[64] W. Skomorowski, M. L. Gonza´lez-Martı´nez, R. Moszynski,
and J.M. Hutson, Phys. Chem. Chem. Phys. 13, 19077
(2011).
[65] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.111.203004 for a
brief description of the theoretical methods used for the
quantum scattering calculations.
[66] P. S. Z˙uchowski and J.M. Hutson, Phys. Rev. A 79,
062708 (2009).
[67] R. V. Krems and A. Dalgarno, J. Chem. Phys. 120, 2296
(2004).
[68] M. Lara, J. L. Bohn, D. E. Potter, P. Solda´n, and J.M.
Hutson, Phys. Rev. A 75, 012704 (2007).
[69] T.V. Tscherbul, G. C. Groenenboom, R.V. Krems, and A.
Dalgarno, Faraday Discuss. Chem. Soc. 142, 127 (2009).
PRL 111, 203004 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
15 NOVEMBER 2013
203004-6
